Activity in horizontal rectus extraocular muscles (EOMs) was investigated by magnetic 21 resonance imaging (MRI) of humans during asymmetrical convergence to a monocularly aligned 22 target at 15 cm distance, or monocular fixation of afocal targets placed over a wide range of 23 conjugate abduction through adduction. Cross sections and posterior partial volumes (PPV) of 24 EOMs were determined from quasi-coronal image planes, and were separately analyzed in the 25 inferior vs. superior compartments, defined by lines bisecting their maximum vertical 26 dimensions. Both inferior and superior compartments of medial (MR) and lateral rectus (LR) 27 exhibited contractile changes in PPV and maximum cross section for both asymmetric 28 convergence and a comparable range of conjugate adduction. Both LR compartments, and the 29 inferior MR compartment, exhibited similar decreases in contractility correlating with relaxation 30 during both convergence and conjugate adduction. In contrast, the superior MR compartment 31 exhibited roughly three times the contractility in conjugate adduction as in similar magnitude 32 convergence. In the aligned eye that did not move during convergence, summed contractility in 33 all compartments of MR and LR exhibited co-relaxation consistent with published EOM force 34 measurements in this paradigm (Miller et al. 2002; Miller et al. 2011 ). The superior MR 35 compartment also exhibited significantly greater contractility than the other compartments over 36 the maximum achievable horizontal globe rotation from abduction to adduction. These findings 37 suggest that the superior MR compartment is controlled differentially from the inferior 38 compartment, and suggest that its activity is reduced during convergence as a component of 39 generally altered extraocular mechanics. 40 41 Demer and Clark
Introduction 42
Ocular adduction implies rotation of the cornea towards the cranial midline; the opposite 43 rotation is abduction, away from the midline. When adduction of one eye is accompanied by 44 equal abduction of its fellow, the movements of both eyes are said to be conjugate versions. 45
Convergence is disjunctive horizontal ocular rotation required to binocularly fixate proximally 46 located targets. It is physiologically possible for the same adducted position of an eye to be the 47 result of a conjugate pair of ocular rotations, or the result of pure convergence of that eye without 48 movement of its fellow, or some combination of version and vergence eye movements. 49
Presumably in each case, both eyes would rotate until the sum of adducting and abducting forces, 50 including passive connective tissue forces, reaches zero. Active contributions to such forces 51 would conventionally be expected to be closely related to the firing behavior of the motor 52 neurons innervating the extraocular muscles (EOMs), particularly the medial (MR) and lateral 53 rectus (LR) EOMs that generate the overwhelming majority of active horizontal oculorotary 54 force. 55
shortening (Miller 1989) . When applied to pathology, Miller's approach demonstrates atrophy 89 and reduced contractility in denervated human rectus EOMs is generally not at the anatomical midpoint of the tendon's insertion on the globe, but rather shifts 107 with the transverse force gradient in the tendon that is a function of factors including differential 108 stretching arising from bending (Miller and Robinson 1984; Robinson 1975 near and distance, and 40 arcsec contour stereopsis by crossed polarization testing at near 171 (Titmus). Volunteers were compensated financially for participation. In this paper, an "MRI 172 scan" is considered to be the acquisition of a set of contiguous image planes during a time 173 interval of up to 3.7 min while the subject was instructed to continuously perform a designated 174 visual fixation task. Routinely, 10 -16 such MRI scans can be performed during a single session 175 lasting up to 90 min, although some scans must necessarily be performed at low resolution for 176 anatomical localization to enable higher resolution views, and scans were repeated as necessary 177 in the event of technical problems. 178 Subject numbers, ages, and numbers of MRI scans are listed for each study in the Table.  179 Subjects participating in the "asymmetric convergence" study were selected for ability to 180 maintain convergence to a target 15 cm away. The asymmetric convergence experiment was 181 difficult for subjects to perform, requiring at least 7 MRI scans for one eye converging, and at 182 least five more for the fellow eye converging. Scans were immediately repeated if images 183 showed that target positioning or convergence effort was not appropriate. Twenty subjects 184 initially appeared qualified to perform the asymmetric convergence experiment, but only 11 who 185 were aged 23±4 yrs (mean ± standard deviation, SD) could converge under actual MRI 186 conditions to provide interpretable data from the approximately 220 scans performed. These either eye could fulfill the role of aligned or converging eye, and in each imaging session that 215 lasted up to 90 min, an attempt was made to have both eyes do so sequentially. In initial images, 216 the right eye was assigned to be aligned, while the left eye converged. Later in the same session, 217 the distant target was moved so that the left eye was aligned while the right eye converged. 218
Successful performance of the convergence task was ascertained from actual MRI images. As it 219 happened, no subject could successfully perform the task with both eyes in the aligned role, but 220 each subject included in analysis did so for one of their two eyes. would be misattributed to the other, reducing apparent differential function. The overall effect of 319 such errors would be to reduce the ability of the experiment to detect differential compartmental 320 contraction, but would never falsely suggest existence of differential contractility. Quantitatively, this is seen in Fig. 4 as a peak in the cross sectional area distribution for distance 337 viewing at planes -2 to -4, corresponding to 4 to 8 mm posterior to the globe-optic nerve 338 junction. For the MR in central gaze (Fig. 4A ) or far gaze with about 11° adduction (the control 339 condition for the convergence experiment, Fig. 4C ), the inferior compartment MRi was larger 340 than superior compartment MRs. In both conjugate adduction ( Fig. 4A ) and in the eye 341 converging to near while the fellow eye remained aligned (Fig. 4C ), the peak cross section 342 increased and shifted posteriorly. For the LR in central (Fig. 4B ) or far gaze with about 11° 343 adduction (Fig. 4D) , the inferior compartment LRi had larger cross section than the superior 344 compartment LRs. Opposite to the morphological change of the MR, in both conjugate adduction and in the eye converging to near while the fellow eye remained aligned, peak LR cross section 346 decreased and shifted anteriorly. 347
Gaussian curves gave reasonable fits to the EOM cross section distributions for all 348 experimental conditions (Fig. 4) , with coefficients of determination of 0.6 or more for the MR 349 and LR in adduction, but 0.3 -0.5 for the LR in conjugate adduction, and for both EOMs in Similarly, for the data of each panel of Fig. 4A -D, the null hypotheses are rejected that all four 358 of the foregoing data sets can be represented by the same Gaussian peak cross section, or at the 359 same image plane location (P < 0.0001 for both). However, in no case did the breadth (SD) of 360 the Gaussian fit differ significantly by muscle (MR or LR), compartment (inferior or superior), 361 or eye position (P > 0.05). To summarize these statistical analyses, Gaussian curves are good 362 representations of the cross sectional area distributions of both compartments of both horizontal 363 rectus EOMs, and these distributions change independently for the compartments for both 364 convergence and adduction in the paradigms studied here. 365
The position of the peak of each Gaussian cross sectional area curve, plotted as a function 366 of 2 mm thick image plane number ±SEM, is illustrated in Fig. 5 . It may be seen that for both 367 conjugate adduction and asymmetric convergence with the fellow eye aligned, the cross section distribution in each horizontal rectus compartment peak shifted posteriorly by about 1 image 369 plane (2 mm) during contraction and anteriorly by about 1 image plane during relaxation. 370
The percentage change in PPV is plotted in Fig. 6 for the MR and LR for similar angles 371 up to 25° conjugate adduction (Fig. 6A ) and for the eye in asymmetric convergence with the 372 fellow eye aligned (Fig. 6B ). In each case, an adequate range of duction angles permitted linear 373 regression against PPV. Linear regression was performed to compute means and standard errors 374 (SEs) for regression slopes. It is evident from the slopes of the regression lines for both 375 conjugate adduction ( Fig. 6A ) and asymmetric convergence with the fellow eye aligned (Fig.  376 6B) that contractility was similar for both LRi and LRs, and that these slopes ranging from 0.69-377 1, Fig. 6A ).). However, during conjugate 390 adduction, contractility in MRs was significantly about three times that during asymmetric was not significantly different in conjugate adduction vs. asymmetric convergence (Fig. 6,  394 P>0.1). In conjugate adduction, regression demonstrated that contractility in MRs at 2.99±0.52 395 was significantly greater than in LRs at 1.40±0.43 (P=0.0252); corresponding contractilities for 396
MRi and LRi did not differ significantly (P>0.3). In this large data set, contractility of LRs at 1.52±0.08%/deg was not significantly different from 408 the 1.38±0.06%/deg value for LRi (P>0.1), but contractility of MRs at 1.84±0.08%/deg was not 409 only markedly greater than the 1.28±0.06 value for MRi (P<0.0001), but also greater than for 410 cross sections for the aligned eye are plotted in Fig. 6B (near by MRI (Fig. 3) . This conservative 50% parsing seems reasonable on average for the LR and is proposed that AINs and abducens motor neurons both carry a vergence signal at about half the 517 conjugate gain (Gamlin et al. 1989 ). The present MRI data roughly support this concept for MRs, 518 as reflected in the regression slopes in Fig. 6 . Inconsistent, however, is the current finding that 519 the comparable contractility of LRi and LRs observed here was not different in asymmetric 520 convergence and conjugate adduction. The present study demonstrates differential behavior of the two MR compartments during the MR compartments. The finding adds to existing data supporting differential compartmental 540 function in the MR. In humans, MRI demonstrated highly significant contractile increases in 541 maximum cross-section and posterior volume of MRs from infraduction to supraduction, but no 542 neurons at its periphery that project to MIFs and palisade endings. All three groups of the MR 560 subnucleus receive projections from the contralateral abducens nucleus through the medial convey both versional and vergence signals (Keller and Robinson 1972) ; however, despite an 563 early report to the contrary (Keller 1973) , these motoneurons behave heterogeneously during 564 different ocular movements. In MR and LR motor nuclei, most cells are insensitive to vergence, 565 while other cells modulate both to eye position and vergence (Mays and Porter 1984) . In 566 monkey, many abducens motor neurons correlate better during asymmetric pursuit with 567 contralateral than ipsilateral eye position; some have contralateral correlations exclusively (King 568 and Zhou 2000; Zhou and King 1996; 1998 ). King and Zhou supposed that the contralateral 569 sensitivity might represent vergence adjustments to monocular differences in mechanical loads 570 (King and Zhou 2000) . 571
It is possible to surgically isolate the superior and inferior divisions exterior to the 572 primate LR belly, and to selectively inject these branches with different orthograde and 573 retrograde neural tracers (Demer et al. 2013 ). Preliminary Fluorogold tracing into monkey 574 abducens nerve branches supports anatomical reconstructions indicating non-overlapping 575 intramuscular distributions of the two CN6 motor nerve divisions, and further suggest that the 576 two LR compartments may be innervated by topographically distinct regions of the CN6 nucleus 577 (Demer et al. 2013 ). However, these preliminary findings require confirmation and extension to 578 the MR subnuclei. 579 580 Contractility of LRs was slightly but significantly greater than LRi (P<0.05), but contractility of 772
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